The two surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), of influenza A virus interact with cellular receptors containing terminal neuraminic acid (NeuAc) moieties. HA initiates infection by binding to cellular receptors, whereas NA destroys the receptors by cleaving off NeuAc moieties (49). In addition, HA binds to complementary, as-yetunidentified, cellular receptors that lack NeuAc moieties (5, 46). The functional balance between HA and NA in influenza virus infections has been intensively studied (4, 10, 22, 23, 33, 49, 50) . The HA precursor (HA0) is proteolytically cleaved into two subunits, HA1 and HA2; the HA1 subunit carries the NeuAc-binding site, and the HA2 subunit is responsible for fusion of viral and cellular membranes (51). NA is not essential for influenza A virus assembly or budding (25), but its enzymatic activity facilitates the progeny virions' release from infected cells (6). The anti-influenza drugs oseltamivir and zanamivir inhibit NA activity by targeting the enzyme active site formed by highly conserved residues (6, 24). Substitutions at those residues confer virus resistance to NA inhibitors (28). However, drug resistance can also be conferred via an NAindependent mechanism. Amino acid substitutions in HA can lessen viral dependence on NA activity for release from infected cells and thus decrease susceptibility to NA inhibitors by reducing efficiency of virus binding to cellular receptors (11, 29, 41, 49) .
Inhibition of neuraminidase (NA) activity prevents release of progeny virions from influenza-infected cells and removal of neuraminic (sialic) acid moieties from glycans attached to hemagglutinin (HA)
The two surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), of influenza A virus interact with cellular receptors containing terminal neuraminic acid (NeuAc) moieties. HA initiates infection by binding to cellular receptors, whereas NA destroys the receptors by cleaving off NeuAc moieties (49) . In addition, HA binds to complementary, as-yetunidentified, cellular receptors that lack NeuAc moieties (5, 46) . The functional balance between HA and NA in influenza virus infections has been intensively studied (4, 10, 22, 23, 33, 49, 50) . The HA precursor (HA0) is proteolytically cleaved into two subunits, HA1 and HA2; the HA1 subunit carries the NeuAc-binding site, and the HA2 subunit is responsible for fusion of viral and cellular membranes (51) . NA is not essential for influenza A virus assembly or budding (25) , but its enzymatic activity facilitates the progeny virions' release from infected cells (6) . The anti-influenza drugs oseltamivir and zanamivir inhibit NA activity by targeting the enzyme active site formed by highly conserved residues (6, 24) . Substitutions at those residues confer virus resistance to NA inhibitors (28) . However, drug resistance can also be conferred via an NAindependent mechanism. Amino acid substitutions in HA can lessen viral dependence on NA activity for release from infected cells and thus decrease susceptibility to NA inhibitors by reducing efficiency of virus binding to cellular receptors (11, 29, 41, 49) .
Propagation of virus in the presence of an NA inhibitor should result in retention of NeuAc moieties by the complex glycans attached to HA (3, 39) . Of note, negatively charged NeuAc moieties situated near the HA receptor-binding site have a potential to impair the virus binding to cellular receptors (38) . Therefore, viruses containing complex glycans at the receptor-binding site would exhibit lower susceptibility to NA inhibitors than those lacking such glycans. To investigate this possibility, we utilized the influenza A viruses that belong to the H1N1 antigenic subtype as a model. Viruses of this subtype produced the devastating "Spanish flu" pandemic in 1918 (42) , and antigenic drift variants of this virus remained in circulation in the human population until mid-1950s. In 1977, the virus reemerged in the human population, causing the "Russian flu" epidemic; since that time, antigenic drift variants have been in circulation in the human population. There is a considerable variance in the glycosylation patterns near the HA receptorbinding site among the human influenza A/H1N1 viruses, due to antigenic drift and host adaptation (20) . For example, the so-called early laboratory-passaged virus A/WSN/33 (WSN) contains a single glycosylation site at Asn129, whereas the contemporary virus, A/Charlottesville/31/95 (CH/95), contains two additional glycosylation sites at Asn 94a and Asn 163) ( Fig.  1 ) (numbering according to reference 52). In our previous studies, we demonstrated that both viruses were equally susceptible to NA inhibitors by the enzyme inhibition assay, whereas in cell culture, the CH/95 virus was drug resistant and the WSN virus was drug susceptible (12) . Moreover, reassortant virus that contained the HA gene from the CH/95 virus in the WSN virus genetic background also exhibited drug resistance in cell culture (12) . In the present study, we investigated the contribution of HA glycans attached at Asn 94a, 129, and 163 to viral dependence on NA activity. Our findings provide further insights into molecular mechanisms underlying the human virus resistance to NA inhibitors in cell culture.
MATERIALS AND METHODS
Compounds. Inhibitors of influenza virus neuraminidase activity zanamivir (GlaxoWellcome Research and Development, Stevenage, United Kingdom) and oseltamivir (Roche Laboratories, Inc., Nutley, NJ) were provided by their respective manufacturers. Inhibitors of N-glycosylation 1-deoxymannojirimycin (dMj) and swainsonine were purchased from Sigma, St. Louis, MO.
Viruses and cells. The A/Charlottesville/31/95 (H1N1) (CH/95) virus was from the repository of the Respiratory Disease Study Unit at the University of Vir-ginia. The recombinant A/WSN/33 (H1N1) virus and its reassortants containing the HA gene from the CH/95 virus were generated by the reverse genetics approach (see below). Virus stocks prepared in Madin-Darby canine kidney (MDCK) cells were stored at Ϫ80°C. MDCK cells (a kind gift of Alan Hay, Mill Hill, United Kingdom) were utilized in all experiments, including determinations of virus titer and assessment of drug susceptibility. MDCK cells were grown in 24-well plates in Eagle's minimum essential medium (EMEM) (Cambrex, Wallorsville, MD) supplemented with 10% fetal calf serum (HyClone, Logan, UT) and antibiotics. Before infection, cell monolayers were rinsed twice with Dulbecco's phosphate-buffered saline (DPBS) to remove serum. Virus was inoculated onto confluent cellular monolayers and after 1 h of adsorption at room temperature, the cells were washed with DPBS to remove unbound virus. EMEM supplemented with N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Worthington, Lakewood, NJ) to a final concentration of 1 g/ml was added to cells. The cells were incubated at 37°C for 48 h, at which point cell culture supernatants were harvested and used to assess virus titers in MDCK cells by a standard assay (16) .
Plasmids construction. With the use of PCR-directed mutagenesis and highfidelity KOD DNA polymerase (Novagen, Madison, WI), plasmid pHW-HA31 encoding the HA gene of CH/95 virus (12) was modified to abolish a glycosylation motif (Asn-X-Thr/Ser) at residues 94a, 129, and 163. To remove a glycosylation site at residue 94a, the sequence AAT-GGA-ACA (Asn-Gly-Thr) was changed to CAG-GGA-ACA (Gln-Gly-Thr). To remove sites at position 129, the sequence AAC-CAC-ACC (Asn-His-Thr) was changed to CAG-CAC-ACC (Gln-His-Thr), and at residue 163, AAT-CTG-AGC (Asn-Leu-Ser) was changed to CAG-CTG-AGC (Gln-Leu-Ser) ( Table 1 ). In addition, plasmid pHW184 (18) encoding the HA gene (WSN) was modified to create a glycan attachment site at residue 94a and/or 163. The sequence AAT-GGA-GCA (94aAsn-Gly-Ala) was changed to AAT-GGA-ACA (94aAsn-Gly-Thr) and/or the sequence AAG-CTG-ACC (163Lys-Leu-Thr) was changed to AAT-CTG-AAC (163Asn-LeuThr). Lack of unwanted mutations was confirmed by sequence analysis of the plasmid DNAs.
Sequence analysis. Extraction of viral RNA from MDCK cell supernatants was performed with the use of RNAeasy kit according to the manufacturer's manual (QIAGEN, Clarita, CA). The primer U9 5Ј-AGCAGAAGC-3Ј was utilized to generate cDNA with the use of MMLV reverse transcriptase (Promega, Madison, WI). The HA gene was then amplified with a use of a standard PCR and the PCR product was then purified with the use of the QIAquick PCR purification kit according to the manufacturer's instructions (QIAGEN, Clarita, CA). Purified PCR product was subjected to sequence analysis with the use of ABI 373 DNA sequencer (Applied Biosystems, Foster City, CA) at the Center of Biotechnology at the University of Virginia. Sequencher 4.0 software (Gene Codes Corporation, Ann Arbor, MI) was used for analysis and translation of nucleotide sequence data.
Procedure for generation of HA glycosylation site variants. To generate recombinant viruses, the eight-plasmid reverse genetics system that allows synthe- 50 s compared to that of the most drug susceptible reassortant virus (G1) is shown.
f MDCK cells were infected (MOI ϭ 0.001) and overlaid with media containing zanamivir at indicated concentrations. At 48 h postinfection, the cell culture supernatants were harvested and subjected to the virus titration in MDCK cells. Results of three experiments are shown.
g A value of Ͼ100, against oseltamivir carboxylate was obtained.
sis of both templates vRNA (negative sense) and mRNA (positive sense) from the same plasmid was utilized (19) . Coculture of 293T human embryonic kidney cells and MDCK cells was maintained in six-well plates in EMEM supplemented with 10% fetal calf serum. Cells were washed with DPBS, and then OptiMEM medium (Invitrogen, Carlsbad, CA) supplemented with antibiotics and antimycotics was added. Cells were then transfected with a mixture of eight plasmid DNAs (total of 1 g/well) by using TransIt transfection reagent (Panvera, Madison, WI) as previously described (18) . When specified, plasmid encoding a modified HA gene (either WSN or CH/95) was used instead of plasmid encoding the wild-type HA (WSN). At 24 h posttransfection, cell culture supernatant was replaced with EMEM supplemented with 0.3% bovine serum albumin (BSA; Gibco, Carlsbad, CA) and TPCK-treated trypsin at a final concentration of 1 g/ml. Supernatants containing the recombinant viruses were collected 48 h later and used to infect MDCK cell monolayers by a standard procedure. Lack of unwanted mutations in HA genes of recombinant viruses was confirmed by the sequence analysis. Radioactive labeling of viral proteins and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. MDCK cell monolayers were infected with virus at a multiplicity of infection (MOI) of 5 50% tissue culture infective doses (TCID 50 ) per cell. At 4 h postinfection, the cells were metabolically radiolabeled with [
35 S]methionine-cysteine (100 Ci per 10 6 cells) (PerkinElmer, Boston, MA). A 15-min pulse was followed by a 45-min chase, and then the supernatants were discarded and the cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and 2 mM EDTA). The precursor HA0 protein was immunoprecipitated with anti-HA monoclonal antibodies (MAb) IVC102. To remove N-glycosylated moieties, an aliquot of each immunoprecipitate was pretreated with of peptide:N-glycosidase F (PNGase F; New England Biolabs, Beverly, MA) according to the manufacturer's recommendations for 6 h at 37°C.
To analyze the effect of inhibitors of N-glycosylation on the oligosaccharide composition of the HA molecules incorporated into the virus particles, MDCK cells were infected at an MOI of 5; after 1 h of virus adsorption, EMEM containing either dMj (Sigma, St. Louis, MO) or swainsonine (Sigma, St. Louis, MO) at a final concentration of 75 M (15 g/ml) and 60 M (10 g/ml), respectively, was added. At 4 h postinfection, the supernatants were removed and the cells were metabolically radiolabeled with [
35 S]methionine-cysteine (100 Ci per 10 6 ) in the presence of either dMj or swainsonine. At 18 h postinfection, the cell culture supernatants were harvested, and the cellular debris was removed by centrifugation at 12,000 rpm in an Eppendorf centrifuge for 15 min and then subjected to ultracentrifugation through a 25% sucrose cushion at 27,000 rpm (Beckman centrifuge, rotor SW28) for 90 min. The pellet containing the virus particles was resuspended in 50 l of a loading gel buffer containing SDS. The denatured proteins were then incubated with either endo H glycosidase (500 U; New England Biolabs, Beverly, MA) or PNGase F for 12 h. At the end of the digestions, the samples and the control incubations without enzyme were examined by 8% SDS-PAGE, followed by fluorography.
Rescue procedure for recombinant NA activity-lacking virus variants. Generation of viruses lacking NA activity was done by transfection of 293T cells cocultured with MDCK cells, essentially as described above. The plasmid encoding the wild-type NA (WSN) was replaced with the plasmid (pdelNA/eGFP) that encodes the enhanced green fluorescence protein (eGFP) instead of the NA active site (32, 44) . Virus spread was monitored in live cells with the use of Zeiss Axiovert 135 TV inverted microscope equipped with a cooled charge-coupled device camera (Hamamatsu Orca, Japan) and with excitation (488 nm) and emission (530 nm) filters (ChromaTechnology Corp., Brattleboro, VT). At 72 h posttransfection (48 h after addition of trypsin to the medium), the supernatants were harvested and used to inoculate fresh monolayers of MDCK cells. Rescue was considered successful if cytopathic effect (CPE) was observed on day 3 postinfection and HA activity was detected in MDCK cell supernatants.
Rescue of NA-lacking virus variants in the presence of inhibitors of N-glycosylation. Three hours after transfection, cell culture supernatants were removed and cells were washed with DPBS. OptiMEM containing either dMj (Sigma, St. Louis, MO) at a final concentration of 75 M (15 g/ml) or swainsonine (Sigma, St. Louis, MO) at a final concentration of 60 M (10 g/ml) was added. These concentrations were reported to produce desirable effects on composition of oligosaccharide chains of glycoproteins synthesized in various cell cultures including MDCK cells (8, 9, 17, 40) . At 24 h posttransfection, supernatants were replaced with fresh EMEM containing TPCK-trypsin and the corresponding inhibitor of N-glycosylation at the same concentration as before. At 72 h posttransfection, cell culture supernatants were collected, 10-fold serially diluted, and used to inoculate MDCK cells. At 48 h postinfection, the viral titers were assessed by counting infectious centers (a group of at least five neighboring cells expressing eGFP) in live cell culture with the use of the fluorescent microscope as described above.
Assessment of HA content. The recombinant viruses were propagated in MDCK cells, concentrated, and purified via ultracentrifugation by a standard procedure. Ninety-six-well plates (Falcon-BD, Franklin Lakes, NJ) were coated with a twofold serially diluted virus preparation in PBS (pH 7.4) and incubated overnight at 4°C. The plates were washed four times in PBST (PBS containing 0.05% Tween-20), and then blocked with 1% BSA in PBS at room temperature for 1 h, followed by four washes in PBST. As a primary antibody, either a polyclonal ferret serum directed against HA (1:1,000) (32) or a mouse MAb IVC102 (1:4,000) (Biodesign, Inc., Saco, ME) was used in diluent (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% BSA, 0.05% Tween-20). The plates were incubated at room temperature for 1 h and then washed four times in PBST. As a secondary antibody, either a goat anti-mouse immunoglobulin G (1:3,000) (Sigma, St. Louis, MO) or a goat anti-ferret immunoglobulin G (1:3,000) (KPL, Gaithersburg, MD) conjugated with horseradish peroxidase was utilized. The plates were again incubated at room temperature for 1 h and then washed four times in PBST. The substrate TMB was added and after incubation at room temperature for 15 min, the reaction was stopped by the addition of 25 l of 0.5 M H 2 SO 4. The optical density was read at 405 nm with the use of Victor 3 1420 multilabel counter (Elmer-Perkin, Boston, MA). Based on the optical density readings, a limiting dilution (a dilution that gives a signal equal two times the standard deviation values above the background) for each virus preparation was independently determined with the use of two different anti-HA antibodies. The virus preparation was diluted accordingly to those readings and then tested by hemagglutination assay.
Hemagglutination assay. It was shown that modern influenza A viruses efficiently agglutinate guinea pig erythrocytes but interact poorly with chicken erythrocytes (34) . This property was utilized in the present study. The standardized by HA content virus preparations were first tested by HA assay with 0.5% suspension of guinea pig erythrocytes. Each virus preparation was serially twofold diluted in PBS (pH ϭ 7.4), and then incubated with an equal volume (50 l) of 0.5% suspension of erythrocytes in 96-well V-shaped plates (Fisher, Pittsburgh, PA) at 4°C for 1 h, and HA titers were recorded. The virus preparations were then assayed with the use of chicken erythrocytes (Rockland Immunochemicals, Gilbertville, PA) at either 4°C or 37°C. All components of the reaction were brought to an indicated temperature before combining together.
Neuraminidase inhibition assay. The NA inhibitor susceptibility of viruses was assessed by a fluorometric assay by Potier et al. (41a) with modifications as previously described (13) . The IC 50 , which is the drug concentration needed to inhibit the enzyme activity by 50%, was evaluated by measuring NA activity in the presence of serial half-log dilutions (from 10 M to 0.01 nM) of the NA inhibitor. After equal volumes of virus and inhibitor had been mixed and incubated at room temperature for 30 min, fluorogenic substrate [2Ј-(4-methylumbelliferyl)-␣-D-N-acetylneuraminic acid; Sigma, St. Louis, MO] was added to a final concentration of 100 mM, and the reaction mixture was then incubated at 37°C for 1 h. The reaction was stopped by addition of a stop solution (150 l of 0.5 M NaOH, pH 10.7, containing 25% ethanol), and the fluorescence was measured with the use of a Victor 3 1420 multilabel counter. The excitation wavelength was 365 nm, and the emission wavelength was 460 nm.
Cell protection assay. Confluent monolayers of MDCK cells were inoculated with virus at an MOI of 0.001 TCID 50 per cell, and 10-fold serial dilutions (ranging from 0.01 M to 100 M) of either oseltamivir carboxylate or zanamivir were added to the medium. Antiviral effect was assessed at 48 h postinfection, at which time point, control (no drug) cell monolayers infected with virus showed extensive (Ͼ90%) CPE. The cell monolayers were washed with DPBS to remove dead cells, and the number of viable cells was determined by a colorimetric method. This assay is based on the in situ reduction of 3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) by viable cells (36) . After addition of MTT to a final concentration of 1 mg/ml, the cells were incubated at 37°C for 2 h. The resulting formazan precipitate was dissolved with isopropanol containing 0.04 N HCl, and the absorbance of the solution was determined spectrophotometrically at 570 nm with the use of a Victor 3 1420 multilabel counter. The antiviral effect for each virus was expressed as the EC 50 (the drug concentration at which 50% of infected cells were protected against CPE).
Virus yield reduction assay. MDCK cells were infected (MOI ϭ 0.001) and after 1 h of virus adsorption, the cells were washed with DPBS and then cultured in DMEM supplemented with 1 g/ml TPCK-trypsin with or without zanamivir. The final concentrations of the inhibitor were 0, 0.01, 1, and 100 M. To determine the virus yields, the supernatants from the infected cells were harvested 48 h postinfection, and titers were determined for infectivity in MDCK cells.
RESULTS
First, we generated a series of recombinant viruses that contained the HA gene from the CH/95 virus and the remaining genes from the WSN virus and differed from each other only by the number and location of the potential glycosylation sites near the receptor-binding site ( Fig. 1; Table 1 ). The recombinant viruses were subjected to SDS-PAGE analysis, which revealed the anticipated difference in electrophoretic mobility of the HA0 molecules, depending on the number of available sites for glycan attachment (Fig. 2A) . Pretreatment of the samples with an enzyme that removes N-glycans (PNG-ase F) was accompanied by a loss of the difference in the HA0 electrophoretic mobilities (Fig. 2B) . Therefore, the results of the SDS-PAGE analysis confirmed that a mutation(s) introduced into the HAs of the recombinant viruses abolished glycan attachment at single, double, or triple sites (94a, 129, and 163).
To determine how the introduced changes in the HA affected the efficiency of binding to cellular receptors by the recombinant viruses, we used the host-specific hemagglutination assay (21) . The CH/95 virus, as well as other contemporary human influenza A viruses (34), efficiently agglutinates guinea pig erythrocytes but not chicken erythrocytes. The virus preparations were standardized by HA content with the use of anti-HA antibodies by enzyme-linked immunosorbent assay and tested with guinea pig erythrocytes. The difference in the reciprocal HA titers was Յ2 fold among the virus preparations (128 to 256 hemagglutination units per 50 l), which is in a range of this assay error. In contrast, there was a substantial difference in the HA titers determined with the use of chicken erythrocytes. The recombinant variant, whose glycans at residues 94a, 129, and 163 had been removed (Table 1 ; G0) efficiently agglutinated chicken erythrocytes, even at elevated temperatures (37°C). In the presence of glycan at 129, the reciprocal HA titer was reduced by Ն8 fold. The HA titers were even lower, when glycan at residue 163 was present alone or in combination with the other glycans. In contrast, glycan at residue 94a either did not interfere with heamagglutination (Table 1, G1) or even improved the virus ability to agglutinate chicken erythrocytes (Table 1, G1,2 
versus G2).
Assessment of virus susceptibility to NA inhibitors. Because the recombinant viruses shared the NA gene (WSN), we anticipated that they would be equally susceptible to oseltamivir carboxylate by NA inhibition assay. Indeed, the estimated IC 50 s for the recombinant viruses (n ϭ 8) felt into a narrow range from 0.8 nM to 2 nM (Table 1) . However, the susceptibility of the recombinant viruses to NA inhibitor differed dramatically in MDCK cell culture. Based on the results of an MTT assay, the virus lacking all three glycans was highly susceptible to oseltamivir carboxylate (Table 1, G0) . Peculiarly, addition of glycan at residue 94a (G1) enhanced by Ͼ4 fold the drug susceptibility of the virus in MDCK cells (0.04 M versus Ͻ0.01 M). In contrast, the presence of glycan at 129 was accompanied by substantial (Ͼ100-fold) reduction in the sus- ceptibility to oseltamivir carboxylate, yet this effect was annulled by glycan at 94a (Table 1 , G2 and G1,2). The viruses carrying glycan at 163, alone or in a combination with the other two glycans, were resistant to oseltamivir carboxylate (Ͼ10,000 fold). Importantly, the MTT assays conducted in the presence of the other NA inhibitor zanamivir produced similar results ( Table 1) . The viruses carrying glycan at 163 were essentially zanamivir resistant, based on the results of the infectious yield reduction assay (Table 1) . They exhibited a Ͻ10-fold reduction in the virus titers in the cell culture supernatants at the highest drug concentration tested (100 M). In contrast, the viruses lacking all three glycans or carrying glycan at 94a, exhibited a Ͼ5-magnitude reduction, whereas the viruses carrying glycan at 129 exhibited an intermediate drug susceptibility (Table 1) . Taken together, these results indicate that glycans attached at the HA receptor-binding site can produce the opposite effects on the virus agglutinating ability and susceptibility to NA inhibitors in MDCK cells.
Next, we assessed whether the HA amino acid backbone would influence the glycans' effect on the virus susceptibility to NA inhibitors. To this end, the HA of the WSN virus, which already contains glycan at 129, was modified to create an additional glycosylation site at residue 94a and/or 163 (Fig. 2C) . The IC 50 s for the generated viruses assessed against oseltamivir carboxylate ranged from 2.0 nM to 3.0 nM by NA inhibition assay (Table 2) . By MTT assay, the virus carrying glycans at residues 94a and 129 exhibited an approximately 10-fold increase (Table 2 ; EC 50 ϭ 0.2 M) in susceptibility to zanamivir and oseltamivir carboxylate compare to the wild type virus, whereas addition of glycan at 163 resulted in drug resistance (EC 50 , Ͼ100 M). The results of the yield reduction assay produced similar results (Table 2) . Specifically, the virus that acquired glycan at 94a was the most susceptible to zanamivir with 10,000-fold reduction in the virus titer (Table 2, G1,2). In contrast, the virus with glycan at 163 showed the least drug susceptibility, with 4-fold reduction in the viral titers at the highest drug concentration tested (Table 2, G2,3) . The negative effect of glycan at 163 on drug susceptibility was to some extent neutralized by glycan at 94a (50-fold reduction).
Therefore, we established that the presence of glycan at residue 163 caused drastic reduction of the viruses' susceptibility to NA inhibitors regardless of the HA amino acid backbone (CH/95 or WSN).
Rescue of NA-lacking virus variants. HA glycan at 163 apparently provided a compensatory mechanism for diminished NA activity in the presence of NA inhibitor. The question remained of whether this mechanism would be sufficient to permit NA independence of the virus in cell culture. To test this possibility, reverse genetics experiments were conducted, in which we attempted a rescue of virus variants that were completely devoid of NA activity due to deletion in the NA gene (32) . The defective NA gene was modified to encode eGFP instead of the NA ectodomain, which allows monitoring of virus spread in live cell culture (32) . At 72 h after transfection, the supernatants were harvested and used to inoculate fresh MDCK cell monolayers. The NA-lacking viruses containing glycan at residue 163 in the HA (CH/95 or WSN) were successfully rescued (Table 3 ). In contrast, we were unable to rescue NA-lacking viruses whose HAs were missing this glycan. Effect of HA glycan composition on the virus requirement for NA activity. If NeuAc moieties in the vicinity of the HA receptor-binding site indeed provide a compensation of the lack of NA activity, a carbohydrate structure of glycan at 163 should be critical for release of NA-lacking viruses. Glycoproteins are initially glycosylated by transfer of Glc 3 Man 9 GlcNAc 2 from a lipid donor to Asn of the protein. The oligosaccharide is subsequently processed to the mature forms containing five to nine mannose residues (high-mannosidic type). Further trimming and elongation reactions in the Golgi apparatus result in formation of complex-type oligosaccharides. Trimming reactions proceed through the action of endomannosidase and Golgi mannosidases I and II. Related and depending on trimming, elongation by the families of N-acetylglucosaminyl-, fucosyl-, galactosyl-, and sialyltransferases takes place (43) . dMj, an inhibitor of mannosidase I, blocks formation of complex glycans, resulting in the accumulation of high mannose oligosaccharides with a predominant species being Man 9 GlcNAc 2 (8) . Swainsonine, an inhibitor of mannosidase II, also blocks formation of complex glycans and causes accumulation of hybrid-type glycans (17, 30) .
MDCK cells were infected with the recombinant G1,2,3 variant and, immediately after virus adsorption, either dMj or swainsonine was added to the medium. At 4 h postinfection, virus proteins were metabolically labeled with [
35 S]methionine-cysteine in the presence of either dMJ or swainsonine in the medium. The proteins incorporated into the virus particles were analyzed by SDS-PAGE (Fig. 3) . The slowest-migrating band was produced by the HA0 from the cells maintained in the absence of N-glycosylation inhibitors (Fig. 3, lane 1) , whereas the fastest-moving band was produced by the HA0 synthesized in the presence of dMj (Fig. 3, lane 4) . Hydrolysis with endo H produced a substantial shift in the bands synthesized in the presence of inhibitors of N-glycosylation (Fig. 3,  lanes 6 and 9) , whereas it had a much lesser effect on the electrophoretic mobility of the HA0 synthesized in the absence of the inhibitors (Fig. 3, lane 3) . Hydrolysis with PNGase F resulted in a single intense band of the same size that was detected in all three immunoprecipitates.
Having confirmed that inhibitors of N-glycosylation (dMj and swainsonine) arrest the HA glycosylation at different steps, we next tested their effects on the outcome of the rescue experiments. When administered to cell culture medium shortly after transfection, neither inhibitor significantly affected the rescue and the infectious yields of the generated virus with the wild-type NA (Table 4) . Arrest of the HA glycosylation at a hybrid step by swainsonine also had no apparent effect on the rescue and yields of the NA activity-lacking virus carrying the wild-type HA and caused a 4-to 25-fold reduction in the quantity of the NA activity-lacking virus carrying a single glycan at 163 (Table 4 ). In contrast, dMj, which arrests the HA glycosylation at the high-mannosidic step, caused a drastic reduction in the yields of the NA activity-lacking viruses, especially of the virus with the single glycan at 163 (Յ50 TCID 50 /ml).
DISCUSSION
A balance between the antagonistic HA and NA functions can be altered by various events, such as virus transmission to a new host, reassortment, or therapeutic intervention (22, 33, 49) . It has been reported that both HA and NA determine the sensitivity of naturally occurring avian influenza viruses to zanamivir in vitro (1, 2) . The results of the present study present direct evidence for the role of the HA glycosylation in the human influenza virus susceptibility to NA inhibitors and thus provide a further insight into the functional balance of HA and NA. Because the yields of the NA-lacking mutants in the supernatants were attenuated by 10 to 100 fold, compared to those of the viruses' wild-type NA, HA glycosylation provided only a partial compensation for the loss of the NA activity. Both the oligosaccharide composition and attachment site of HA glycans affected the virus requirement for NA ac- were metabolically 35 S labeled. The concentrated and purified virus preparations were submitted to either PNGase F (lanes 2, 5, and 8) or endo H (lanes 3, 6, and 9) digestions followed by 8% SDS-PAGE. HA0, hemagglutinin precursor; NP, nucleoprotein; M1, matrix protein. (38) . To abolish a glycosylation motif, Asn 163 was replaced by Gln in the present study. Since this residue is not a part of the receptor-binding site (27), we do not believe that amino acid substitution by itself was responsible for the observed difference in the virus properties. Glycan at 94a, when present alone or in combination with glycans 129 and 163, enhanced virus susceptibility to NA inhibitors (Tables 1  and 2 ). The molecular mechanism for this differential effect is not clear. For example, glycan at Asn 94a could enhance HA binding efficiency via auxiliary interaction with a high-mannose specific lectin expressed on the cell surface (i.e., VIP36 of MDCK cells) (14) . We addressed the question of importance of oligosaccharide chain composition in compensating for the loss of the NA activity in the reverse genetics rescue experiments, when rescue of the NA activity-lacking viruses was attempted in the presence of N-glycosylation inhibitors. Swainsonine, which arrests N-glycosylation at the hybrid step, did not substantially affect the rescue of the NA activity-lacking viruses. In contrast, either we were unable to rescue NA-lacking virus or its titer was significantly reduced in the presence of dMj (Table 4 ). This could be explained by the ability of hybrid type oligosaccharides to retain the terminal NeuAc acid moieties. The other, less-likely explanation could be the difference in a size between a hybrid and a high-mannosidic oligosaccharide chain.
We used dMj at a concentration of 15 g/ml, which efficiently arrested N-glycosylation at a high-mannosidic step (Fig. 3) ; however, it may be insufficient to completely prevent formation of complex glycans (9) . It is unlikely that the negative effect of dMj on the rescue of the NA-lacking mutant was due to general toxicity or reduction of viral infectivity, since no titer reduction was observed for the virus with wild-type NA in the present study (Table 4) or even when MDCK cells were cultured at much greater dMj concentrations (1 mM) (D.F. Smee, personal communication). Acquisition of glycans at 129 and 163 at the receptor-binding site (as well as those at residues 131 and 158 in some viruses) is believed to be a result of antigenic drift of the A/H1N1 viruses in the human population. Masking antigenic epitopes by glycans is one of the mechanisms by which virus escapes neutralization by preexisting antibodies (45) . It is believed that a size of glycan is not critical for epitope masking (35) . In contrast, glycans containing terminal NeuAc moieties should contribute the most to the virus's ability to escape the antiviral effect of NA inhibitors. Prior studies have found that the recombinant WSN virus carrying the HA and NA of the 1918 virus exhibited oseltamivir susceptibility in MDCK cells (47) . Of note, this virus (42) had a glycosylation site at 94a but lacked sites at position 129 and 163. Such viruses therefore should be more susceptible to NA inhibitors than the modern human viruses of the H1N1 subtype, at least in MDCK cells. In our study, glycan at 163 produced a compensatory effect, regardless of the HA amino acid sequences (WSN or CH/95). Because the HA sequences of these two viruses differed substantially due to antigenic drift, our data indicated that glycans attached at the tip of the HA molecule have the potential to affect susceptibility of a broad spectrum of influenza viruses, even beyond that of the H1 antigenic subtype. Our findings warrant a more detailed analysis of the HA glycosylation effect on human virus susceptibility to NA inhibitors.
